The anuran pelvic girdle is unique among all amphibians in that its acetabular portion is located far posterior to the sacrum, lateral to the postsacral (= caudal) vertebral column, which is reduced to a single rod-like element called the urostyle. This situation in the adult is strikingly different not only from that in ancestral temnospondyls but also in other modern amphibians. Because there is no fossil that would document this evolutionary anatomical modification except for Triadobatrachus , the only data may be inferred from development in modern anurans. We chose seven anuran species (belonging to the genera Discoglossus , Bombina , Pelobates , Bufo , Rana and Xenopus ), representing the principal locomotory types (saltation, swimming, crawling and burrowing). Development of the pelvic girdle was studied on cleared and stained whole mounts and partly on serial histological sections. The basic developmental pattern was similar in all species: the pelvis on both sides develops from two centres (puboischiadic and iliac, respectively). The ilium then extends vertically towards the sacral vertebra and later rotates posteriorly so that ultimately the acetabulum is lateral to the tail (= urostyle). Only minor deviations from this pattern were found, mainly associated with differences in water and terrestrial dwelling.
Introduction
The anuran pelvis, although retaining the basic triradiate pattern of temnospondyl amphibians, deviates from this original pattern in that the ilium is elongated into a shaft located horizontally and parallel to the urostyle. A comparatively well-developed iliac shaft was already present in the Early Triassic proanurans Triadobatrachus and Czatkobatrachus (Rage & Ro C ek, 1989; Evans & Borsuk-Bia l ynicka, 1998) Two interesting questions concerning the anuran pelvis arise, namely why the ilium expanded posteriorly so that the acetabular joint is located lateral to the former tail, and why the ischium and pubis were so strongly reduced (the latter even remains cartilaginous in the majority of anurans). It has been suggested that these changes were associated with saltatory locomotion (Noble, 1931; MacBride, 1932; Gadow, 1933; Reig, 1957; Eaton, 1959; Gans & Parsons, 1966 ). Yet Triadobatrachus , the ilia of which were already moderately elongated, was surely not yet capable of jumping (Ro C ek & Rage, 2000) . Griffiths (1963) suggested that the peculiar morphology of the anuran pelvis evolved due to a swimming mechanism. However, it is hard to imagine why swimming would be associated with shortening of the presacral column only in frogs, whereas in other water-dwelling amphibians, such as newts, this part of the skeleton remained unaffected.
It should also be noted that the posterior shift of the acetabular region preceded reduction of the tail; the comparatively late origin of the urostyle is not only evidenced by Triadobatrachus but also by its clear segmentation in metamorphosing tadpoles.
As fossils documenting the temnospondyl-salientian transition are scarce, and because they can provide only limited information concerning the origin of the anuran pelvis, this incompleteness in the palaeontological record may be supplemented by data gained from developmental morphology. Developmental processes, if properly assessed, may provide a useful tool for explanation of evolutionary transformations. Therefore, we decided to study the development of the pelvis and associated structures in various modern anurans in order to recognize some general developmental patterns. We believe that this can help to complete information on the evolutionary transformation of the pelvis, which is now available only from comparison of the terminal developmental stages of adult temnospondyls and anurans.
In order to interpret a developmental sequence correctly as an evolutionary one, it is necessary to discern which features of the development reflect the temnospondyl-salientian evolutionary transition and which are mere adaptations to a particular mode of anuran locomotion. Locomotion in anurans involves not only saltation (e.g. in Rana , Discoglossus ), but also swimming (in permanent water-dwellers such as Pipidae, Palaeobatrachidae) and crawling (e.g. in Bufo ). Burrowing (e.g. in Pelobates ) is also a type of activity which is performed by the hind limbs.
Therefore, we followed development of the pelvis and associated structures (sacrum, urostyle and iliosacral articulation) in each representative of the anuran locomotory types; we then tried to find coincidences between anatomical peculiarities and a particular locomotory type (although it is known that species with, for instance, the same ilio-sacral articulation morphology may show significant differences in types of movement; see Emerson, 1979) , and finally we tried to deduce some anatomical and functional evolutionary sequences that occurred between temnospondyls and their anuran descendants.
Materials and methods
For our study we chose Discoglossus pictus and both European species of Bombina , which represent a lineage of the Discoglossidae, whose roots may be found among Middle Jurassic anurans (Evans et al. 1990 (Nieuwkoop & Faber, 1967) , although considerable variation exists in the appearance of internal characteristics (see discussion in Ro C ek, 2003) . Clearing and staining of the whole mounts followed methods used by Wassersug (1976) Some stages of Discoglossus were also prepared as three-dimensional (3D) software reconstructions from histological sections, in order to investigate the muscular context of the pelvis. For this purpose we used 3D Studio MAX 5.0; smoothing was performed in BoneViewer, a program specially written for this purpose by Ysoft Co., Czech Republic.
All the material is deposited in the Department of Zoology, Charles University, Prague.
Results

Discoglossus pictus
The earliest structure of the pelvic girdle and associated parts of the vertebral column is a pair of neural arches of the sacral (i.e. 9th) vertebra, adjacent to the dorsolateral surface of the notochord, which may be recognized as early as stage 50 (see also Table 1 ). At stage 52 the neural arches of the sacral vertebra grow dorsally over the neural tube, whereas the first (and sometimes also tiny rudiments of the second) postsacral neural arches (Fig. 1H ) appear simultaneously with the earliest cartilaginous rudiment of the femur. The hypochord also appears at this stage, closely following the appearance of the second postsacral vertebra. At stages 52-55, the hypochord extends between the levels of Table 1 Developmental chronology of the anuran pelvic skeleton expressed in Nieuwkoop & Faber (1967) SV: neural arches appear  50-51  51  51-53  50  50  50-51  52  SV: neural arches fuse with one another  56-57  57  57  58  54  55-56  57  SV: neural arches begin to ossify  56-57  58  55  56  55  55-56  58  SV: neural arches completely ossified  58-66<  66  66<  65  62-63  66  62-63  SV: centrum appears  55  55  55  56  52  54-55  58  SV: complete cartilaginous centrum  56-57  58  57  57  56  57  59  SV: centrum begins to ossify  58-66<  58  56-57  58  56  57  59  SV: centrum completely ossified  58-66<  66<  66<  66 Abbreviations: SV, sacral vertebra; U, urostyle; IL, ilium; IS, ischium; P, pubis; 66< indicates post-metamorphic stages.
both postsacral (i.e. the 10th and 11th) vertebrae ( Fig. 1J ), but later (at stage 57) it expands anteriorly, so that it reaches beneath the posterior part of the sacral vertebra (Fig. 1K ). Its posterior expansion is only moderately delayed, so that in stage 58 it reaches beyond the level of the most posterior extent of the fused neural arches (Fig. 1L) . (Fig. 2P,S) . However, there is some variation in the development of the ilio-sacral articulation, which may include, in addition to the sacral diapophysis, the transverse process of the most posterior presacral vertebra (Fig. 2N ), or may entirely substitute the sacral diapophysis, which is not developed (Fig. 2Q) . Nevertheless, in both species of Bombina , normal development results in a considerable shift of the pelvis anteriorly so that the tips of the ilia reach anteriorly beyond the level of the sacral vertebra ( The pelvic development is completed (with the exception of the ilio-sacral articulation) as early as stage 58, before the front legs become apparent externally (Fig. 2B ). There is, however, considerable variation in ossification degree: whereas in some individuals the ilia begin to ossify in very early stages (as early as stage 58; see Fig. 2J ), the whole skeleton in others may remain cartilaginous even when their metamorphosis is completed (Fig. 2L ).
Bufo bufo
The earliest rudiments of the pelvis appear at stage 54, as in Discoglossus . However, there is noticeable retardation in the development of the caudal skeleton, because neither the postsacral vertebrae nor the hypochord are developed at this stage (Fig. 4A) . A short hypochord is present at stage 56 (Fig. 4F ), but sometimes is still barely discernible ( (Fig. 4I) . Development in the concluding stages of metamorphosis mainly concerns the hypochord, which fuses dorsolaterally with the extended ventral bases of the neural arches, and the degree of ossification; at stage 66 ( Fig. 4J,P ) the ossification of the pelvis and corresponding part of the vertebral column is nearly complete, although the ischia are still separated from the ilia by cartilage (Fig. 4P) .
The sacral diapophyses begin to develop at stage 58
( Fig. 4M ) and attain their ultimate size at stage 62 (Fig. 4N) . Although during the rotation of the ilia their tips reach as far as the level of the praesacral vertebrae (Fig. 4M) , the ilio-sacral contact is established ( Fig. 4O) with their anterior ends (stage 63). (Fig. 5J) , the iliac shafts are still short and thus widely separated from the sacral vertebra. Nearly the whole posterior rotation of the ilia proceeds far from the sacral diapophyses (which are already developing at stage 56; Fig. 5N ). The ilio-sacral contact is established only at stage 63 (Fig. 5O ). In addition, both halves of the pelvic girdle remain widely separated for a long time, coming into contact with each other only at stage 62 (Fig. 5F ).
Pelobates fuscus
The hypochord and the neural arches of the two postsacral elements are separate from each other, and they fuse together only at stage 65 (Fig. 5P) . The urostyle involves two postsacral vertebrae and develops an immovable articulation with the sacral vertebra (later both coalesce with each other). The urostyle is comparatively short and does not reach the level of fused ilia.
Rana dalmatina
The neural arches of the sacral (9th) vertebra appear at stages 50-51. The axial skeleton consisting of nine pairs of neural arches persists until stage 55. The 1st postsacral vertebra may still be absent (Fig. 6A,B) or may be present as a pair of tiny cartilaginous rudiments. The first rudiment of the hind limb appears at stage 54, beginning with the femur, then extending distally as tibia and fibula and astragalus and calcaneus (at stage 55; Fig. 6A ,B,O). The ilia appear at stage 55, soon followed by the ischia (Fig. 6I) . The hypochord appears at stage 56, simultaneously with the second postsacral vertebra;
at this stage the iliac shafts extend dorsally to almost reach the notochord (Fig. 6J) . The ilia continue their dorsal expansion so that their tips reach the level of (but do not contact with) the developing sacral diapophyses (Fig. 6K) . It is only at this stage (stage 62) that the iliac shafts begin to rotate posteriorly. During the rotation the tips of the iliac shafts never exceed the level of the sacral diapophyses anteriorly (Fig. 6R-T) .
The ilio-sacral articulation is established later than in stage 66, only after completion of metamorphosis (Fig. 6U) .
Development of the postsacral vertebral column is delayed; both neural arches of the postsacral vertebra fuse with one another above the neural tube, but their bases remain paired and only moderately expand posteriorly. This situation (including independent hypochord) remains unchanged through the end of metamorphosis (Fig. 6U) . The firm synchondrotic articulation of the iliac shafts with the sacral diapophyses develops only in fully grown adults.
Xenopus laevis
The sacral vertebra appears at stage 52, closely followed by the 1st postsacral (later at stage 52), rarely also with a tiny asymmetrical rudiment indicating early development of the 11th vertebra. Hind limbs appear (Fig. 7H) . The former may be identified as the ischium, the latter as the ilium. Both remain separated from one another, even as the ilium begins to expand dorsally (stage 55; Fig. 7I ). The iliac shafts still retain their nearly vertical position at stage 60, when they begin to ossify in their middle parts (Fig. 7L) . Subsequent rotation of the pelvis and ossification of the ilium and femur at stages 62 and 63 are accompanied by their anterior shift (Fig. 7M,T) . This, together with the developing sacral diapophyses (at stage 63), results in the formation of the ilio-sacral articulation, in which the middle part of the iliac shaft comes into contact with the lower surface of the sacral diapophysis; consequently, the shafts extend over the anterior edge of the sacral diapophyses at stage 66 (Fig. 7N,U) . which is ossified, the more posterior parts (still cartilaginous) being separated from each other as well as from the hypochord (Fig. 7M,T) . The identity of four postsacral vertebrae may still be recognized in the nearly completely ossified urostyle (stage 66), as preserved paired chondrifications separating spinal foramina (Fig. 7U) . The urostyle then coalesces with the sacral vertebra to form a single unit in the adult.
Discussion
It appears that in all anurans the earliest rudiments of the pelvic girdle are present in a form of two chondrification centres. According to Green (1931) , the ventral rudiment of the early anuran pelvis is the pubo-ischiadic portion and the dorsal rudiment is the iliac portion.
From this interpretation it may be deduced that the ventral portion is homologous with the pubo-ischiadic plate of amphibian piscine ancestors (exemplified by Eusthenopteron), from which the ilium expanded only later during the transition on to dry land (although the pelvic element of this Devonian fish was also interpreted as consisting of the pubic and iliac regions, with the ischiadic part absent; compare Jarvik, 1980 and Andrews & Westoll, 1970) .
These two parts (iliac and pubo-ischiadic) arise independently from each other (Figs 3E and 7I) , either at the same time or one shortly after the other (either with the ilium preceding the pubis-ischium, or vice versa; this seems to be a matter of individual variation).
It may be of some interest that in further development, the middle part of the ilium ossifies earlier than the ischium; this suggests that the ossification sequence within the pelvic region does not reflect the evolutionary sequence. This seems to be confirmed by the considerable intraspecific variation in the rate of ossification (compare Fig. 2J and 2L) .
A striking feature of the development of the anuran pelvis is that although the ilium is originally in a vertical position, it soon begins to rotate posteriorly, and ultimately it attains a position that is nearly parallel with the caudal part of the vertebral column. It is obvious that the vertical position corresponds to the situation in early amphibians, in which the blade-like part was perpendicular to the vertebral column (Jarvik, 1996;  Fig . 8A ). The prominent rod-like iliac process ('postiliac process') located close to the acetabulum and directed posteriorly is also present in other primitive amphibians such as Acanthostega, Tulerpeton and Whatcheeria (Lebedev & Coates, 1995; Coates, 1996; Bolt & Lombard, 2000; Smithson, 2000) , in some anthracosaurs (Smithson, 2000) and in the oldest microsaurs (Carroll, 2000) . This slender outgrowth is located at the same place as the tuber superius in anurans, in which its lateral surface serves as an insertion area for the m. glutaeus maximus (Fig. 8C) . In early development of the anuran pelvis, the tuber superius is directed posteriorly as in the early amphibians; only later does it attain the dorsal position as a consequence of the rotation of the pelvis.
One may suppose that the developmental rotation of the pelvis reflects the evolutionary sequence of anatomical interstages during the temnospondyl-anuran transition.
The question arises as to whether thigh muscles were affected by the iliac rotation. The pattern of anuran thigh musculature is rather uniform, although some limited variation may be observed (e.g. Dunlap, 1960; Griffiths, 1963; Limeses, 1964; Cannatella, 1985) . Because the origin of the m. glutaeus maximus in frogs is located dorsally and anteriorly from the acetabulum, this muscle is principally a flexor of the thigh (together with m. tensor fasciae latae and m. cruralis), but it is also responsible for extension in the knee joint (it is inserted on to the inner surface of the fascia lata extending over the knee joint). Because of positional changes of the ilium in the temnospondyl-anuran transition, it was excluded from the group of thigh extensors (principally mm. semimembranosus, gracilis major et minor, and adductor magnus) taking part in saltation and swimming. Another change associated with the elongation and posterior rotation of the iliac shaft was a shift of the origin of the tensor fasciae latae muscle (pubofibularis muscle in tailed amphibians) from the pubis onto the iliac shaft (Fig. 8C) , which, together with the positional change of the glutaeus maximus muscle, improved the efficiency of these thigh flexors.
No other substantial change in the arrangement of the thigh muscles occurred as a consequence of reorientation of the iliac shaft (compare Fig. 8E and 8F ). Triadobatrachus and Czatkobatrachus (Rage & RoCek, 1989; Evans & Borsuk-Bialynicka, 1998 ; Fig. 8B ), although they were still not capable of jumping, and its comparatively small size in the earliest frog Prosalirus (Jenkins & Shubin, 1998) and in good jumpers such as Rana. Although the basic developmental pattern of the pelvic skeleton is similar in the anuran species studied here, there is some positional, chronological and structural variation, as well as variation in ossification rate.
In Discoglossus and Bombina, the pelvis develops beneath the first postsacral (10th) vertebra, the ilium expands nearly vertically, and only when reaching the level of the dorsal surface of the notochord does it begin to rotate. The same holds true for Xenopus and also for Ascaphus (Van Dijk, 1959 sus, which is both aquatic and terrestrial, the pelvis develops in a similar way as in water-dwelling Xenopus and Bombina, but adaptation for the terrestrial way of life is given by another type of the ilio-sacral articulation that is attained only in fully grown adults -the tips of the ilia become movably attached to the sacral diapophyses (they allow lateral swing or slewing; Whiting, 1961; Emerson, 1982) .
The pubis, which was ossified in adults of early amphibians, and which was indistinguishable from the other two parts of the pelvis (except in some specimens of Ichthyostega; Jarvik, 1996) , was separated by sutures in more advanced forms (e.g. in the Permian Archeria; Romer, 1957) . However, it remained cartilaginous in many primitive amphibians. The pubis is developmentally arrested at the cartilaginous stage in the anurans too, with the exception of the Pipidae, Ascaphidae and Leiopelmatidae. In Xenopus, we observed the beginning of ossification of the pubis in metamorphosis (stage 63), but apparently there is some variation in the timing of ossification of this element (Trueb & Hanken, 1992) . The pubis also ossified in Ascaphus (Ritland, 1955; Van Dijk, 1955) , and in Leiopelma, where it may also be represented by calcified cartilage, or it may be cartilaginous throughout life (Stephenson, 1952; Ritland, 1955) .
Ossification seems to be a matter of considerable variation even within a single species. Nevertheless, a comparatively early onset of ossification was noticed in Xenopus (as observed by Mookerjee, 1931) .
Remarkable elements adjacent to both pubes are the praepubes ('epipubes') of Discoglossus, some Bombina bombina specimens, Ascaphus, Leiopelma (Van Dijk, 1955) , Xenopus (De Villiers, 1925) and Pseudohymenochirus (Cannatella, 1985) . De Villiers (1925) and Van Dijk (1959) (Griffiths, 1963) , three or four (10th−13th) in Xenopus (Hodler, 1949; Smit, 1953; Branham & List, 1979) , three (10th−12th) in Palaeobatrachus (9pinar, 1972; RoCek, 2003) , three in Alytes (Hodler, 1949) , three (11th−13th, and possibly also including the anterior half of the 14th vertebra) in
Ascaphus (Van Dijk (1960) , and three in Leiopelma (Stephenson, 1951; Stephenson, 1960) . It is interesting that some metamorphosing frogs (e.g. Megophrys; Griffiths, 1956 Griffiths, , 1963 Palaeobatrachidae, however, they fuse with the transverse processes only in fully grown adults (Nevo, 1968; RoCek, 2003) , or are present at least in early periods of larval development in Rana, Hyla and Pelobates where they later coalesce with the transverse processes (Mookerjee, 1931; Blanco & Sanchiz, 2000) . As the proanuran Triadobatrachus still possessed well-developed sacral ribs (Rage & RoCek, 1989 ; Fig. 8D ), it might be supposed that anuran sacral diapophyses have the same origin.
The peculiar condition in swimming anurans (e.g. , Palaeobatrachus, Bombina) , in which the tips of their iliac shafts reach far beyond the anterior margin of the expanded and fluted sacral diapophyses, may be caused by insertion of the ilio-lumbaris muscle on the transverse processes of presacral vertebrae 4-6 (Emerson, 1982) ; according to different theories, this peculiarity may have had a functional role in the mechanisms of breathing, food capture or shock absorbence (Willem, 1936 (Willem, , 1938a Palmer, 1960; Whiting, 1961; see Van Dijk, 2002 , for a more comprehensive discussion).
Xenopus
We noticed some differences in the timing of developmental events among species (Table 1) (Ritland, 1955) .
Summary 1
The anuran pelvis develops from two chondrification centres on each side of the body, which arise shortly one after another and soon fuse together; they may be interpreted as the pubo-ischiadic and iliac plates, respectively. The former corresponds to the pelvis of piscine ancestors of amphibians.
2 Posterior rotation of the pelvis from its original vertical position, together with reduction of the tail, undoubtedly reflects evolutionary changes that occurred in temnospondyls; they resulted in functional changes of some thigh muscles, and were obviously a device for saltation and swimming. 10 The ossification mode seems to be highly variable even within a single species; however, Xenopus begins to ossify noticeably earlier than in any other investigated species.
11
The pubis ossifies only in Xenopus (and in all other Pipidae), and in Ascaphus and Leiopelma. An ossified pubis in frogs is considered to be a primitive feature.
12
The praepubis (epipubis) was found only in Xenopus, Discoglossus and one individual of Bombina bombina. It is a paired chondrification arising independently of the pubis, with which it fuses only secondarily.
13
The urostyle develops from 3-4 pairs of neural arches representing vestigial caudal vertebrae (10th-13th, except for Ascaphus which has nine, instead of eight, praesacral vertebrae), and from the unpaired hypochord adjoining the notochord ventrally. Simultaneous with a degenerating notochord, the hypochord approaches the bases of the neural arches (which fuse with each other, so that two parallel cartilaginous rods adjoin the dorsolateral surface of the notochord), ultimately fusing with them. The hypochord may even ossify separately from other components of the urostyle (in the Pipidae and Palaeobatrachidae).
14 The sacral diapophyses arise independently from neural arches and may be thus interpreted as the sacral ribs.
